The grik2 gene, coding for the kainate receptor subunit GluK2 (formerly GluR6), is associated with autism spectrum disorders and intellectual disability. Here, we tested the hypothesis that GluK2 could play a role in the appropriate maturation of synaptic circuits involved in learning and memory. We show that both the functional and morphological maturation of hippocampal mossy fiber to CA3 pyramidal cell (mf-CA3) synapses is delayed in mice deficient for the GluK2 subunit (GluK2 Ϫ/Ϫ ). In GluK2 Ϫ/Ϫ mice this deficit is manifested by a transient reduction in the amplitude of AMPA-EPSCs at a critical time point of postnatal development, whereas the NMDA component is spared. By combining multiple probability peak fluctuation analysis and immunohistochemistry, we have provided evidence that the decreased amplitude reflects a decrease in the quantal size per mf-CA3 synapse and in the number of active synaptic sites. Furthermore, we analyzed the time course of structural maturation of CA3 synapses by confocal imaging of YFP-expressing cells followed by tridimensional (3D) anatomical reconstruction of thorny excrescences and presynaptic boutons. We show that major changes in synaptic structures occur subsequently to the sharp increase in synaptic transmission, and more importantly that the course of structural maturation of synaptic elements is impaired in GluK2 Ϫ/Ϫ mice. This study highlights how a mutation in a gene linked to intellectual disability in the human may lead to a transient reduction of synaptic strength during postnatal development, impacting on the proper formation of neural circuits linked to memory.
Introduction
Precise control of the development of synapses and neuronal connectivity is critical for accurate neural network activity and normal brain function at the adult stage. Improper function of synapses is a common feature associated with intellectual disability (ID) and autism spectrum disorders (ASDs) (Toro et al., 2010) . Gain and loss of function approaches in mouse models of ID have revealed alterations in synaptic function and plasticity, as well as in spine morphology and in the balance between excitation and inhibition (Humeau et al., 2009; Boda et al., 2010) .Together, these data strongly suggest that abnormal synaptic homeostasis represents an underlying mechanism to ID and ASD in the adult. Here, we take a further and complementary step to understand how mutation of a gene associated with ID and ASD in humans impairs the course of synaptic maturation in vivo.
Loss of function mutations in the grik2 gene, encoding the GluK2 (formerly GluR6) subunit of kainate receptors (KARs), cosegregate with nonsyndromic autosomal recessive ID (Motazacker et al., 2007) . In the adult, KARs play an important role in the regulation of network activity by acting at both presynaptic and postsynaptic sites to regulate neuronal excitability and neurotransmitter release (Contractor et al., 2011) . Thus, the lack of a functional GluK2 may directly impact on the activity of cortical synaptic circuits (Sachidhanandam et al., 2009) , hence on higher brain function (Ko et al., 2005) . Because of its association with neurodevelopmental disorders, GluK2 may also serve in the activity-dependent refinement of synaptic connections during development, leading to improper maturation of neuronal networks.
KARs and especially those comprising the GluK2 subunit are particularly abundant at presynaptic and postsynaptic levels at hippocampal mossy fiber-CA3 synapses Contractor et al., 2001) . Hippocampal mossy fibers (mfs) are the axons of dentate granule cells that make characteristic synaptic connections with large spines on CA3 pyramidal neurons (Henze et al., 2000) . These glutamatergic synapses display a number of unique functional features that have been well studied in the mature rodent brain (Nicoll and Schmitz, 2005) and they play a major role in learning and memory (Kesner, 2007) . Mf-CA3 synapses constitute an attractive model to investigate patterns of synaptic maturation and to establish direct links between the different steps of morphological and functional development of synaptic properties. Mf-CA3 synapses undergo several stages of functional maturation during the first 3 weeks of postnatal development, with a "critical" phase at the beginning of the second week (postnatal day 6 -9) during which the composition of postsynaptic glutamate receptors and the strength of synaptic connections abruptly change (Marchal and Mulle, 2004) .
We have previously proposed a role for KARs in the functional maturation of CA3 synapses (Marchal and Mulle, 2004 ). Here we have taken a further step by examining which quantal parameters account for the marked developmental maturation of presynaptic and postsynaptic elements at mf-CA3 synapses during the first 3 weeks after birth. Furthermore, we have combined a detailed analysis of synaptic properties with a morphometric analysis of thorny excrescences and presynaptic mossy fiber terminals. These analyses were performed in parallel in control mice and in mice deficient for the GluK2 subunit, to test the hypothesis of a defective synaptic maturation in vivo, in a mouse model of autosomal nonsyndromic ID.
Materials and Methods
Experimental procedures followed the recommendations of the CNRS ethics committee and the French Ministry of Agriculture and Forestry concerning animal care (authorization number, A33093). GluK2 knockout mice (GluK2 Ϫ/Ϫ ) were generated on a hybrid C57BL6/SV129 background and backcrossed for 12 generations on a FVB background. Wild-type (GluK2 ϩ/ϩ ) and GluK2 Ϫ/Ϫ mice used were from heterozygous breeding pairs.
Slice preparation and electrophysiology. Pups and young mice of either sex were killed by cervical dislocation. Parasagittal brain slices (320 -350 m thick) were prepared from P6 to P21 mice (P0 being the day of birth) in a solution containing the following (in mM): 80 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.5 NaH 2 PO 4 , 7 MgCl 2 , 0.5 CaCl 2 , 10 glucose, and 75 sucrose (equilibrated with 95% O 2 /5% CO 2 ). Slices were incubated at 33°C for 30 min and subsequently stored at room temperature in an extracellular solution composed of (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , 11 glucose (equilibrated with 95% O 2 /5% CO 2 ). Whole-cell voltage-clamp recordings (3-4 M⍀ electrodes, Ϫ70 mV holding potential) were made from hippocampal CA3 pyramidal cells visualized by infrared video-microscopy. Experiments were performed in extracellular solution near physiological temperature (33°C). Intracellular solution was composed of the following (in mM): 122 Cs methanesulfonate, 2 NaCl, 10 HEPES, 10 EGTA, 2 MgCl 2 , 4 ATP-Na, pH 7.3. Bicuculline (10 M) was added to the bath to inhibit GABA A receptors and D-AP5 (25 M) or NBQX (10 M) were used respectively to record AMPA/kainate-EPSCs (mf-EPSCs) at Ϫ70 mV or NMDA-EPSCs at ϩ30 mV in isolation. The series resistance of the cell was monitored during the recording using a Ϫ10 mV hyperpolarizing voltage step of 50 ms length occurring at the beginning of each recording. The average series resistance was 15.6 Ϯ 0.3 M⍀ (n ϭ 293 cells) and cells were discarded if it changed by Ͼ20%. Recordings were made using an EPC 9.0 amplifier (HEKA Elektronik), filtered at 2.9 kHz with a Bessel filter, digitized at 10 kHz, and stored on a personal computer for additional analysis (IGOR PRO 5.0; Wave-Metrics).
Mf-CA3 EPSCs were evoked by minimal intensity stimulation (Marchal and Mulle, 2004; Sachidhanandam et al., 2009) . A glass microelectrode was placed in the hilus of the dentate gyrus to stimulate mf. While recording from a CA3 pyramidal cell, the stimulating electrode was moved to a position where a sharp EPSC with fixed latency was evoked. Stimulation intensity (200 s pulse; Ͻ20 A) was adjusted just above the sharp threshold for activation of a synaptic response. Using such low minimal stimulations, no prominent polysynaptic activation was observed. On average, the rise time (10 -90%) of EPSCs recorded at 0.1 Hz (n ϭ 78) was 1.3 Ϯ 0.04 ms and the tau weighted was 6 Ϯ 0.3 ms. Mf stimulation was assessed by its short-term facilitation properties (Salin et al., 1996) (40 ms paired pulse ratio or 1 Hz/0.1 Hz ratio Ͼ3) except for some P6 or P7 recordings where the facilitation ratio could be smaller because of their immature state. The group II mGluR agonist LCCG-1 (10 M) was applied to confirm that mfs were stimulated . Low-frequency facilitation was evoked by increasing stimulation frequency from 0.1 to 1 Hz.
For strontium (Sr 2ϩ ) experiments, slices were bathed in an extracellular solution containing SrCl 2 (4 mM) and no Ca 2ϩ . Asynchronous EPSCs (aEPSCs) were evoked by trains of five stimuli at 50 Hz repeated 100 times at 30 s intervals. Only events occurring within a 400 ms time window beginning 50 ms after the last stimulus in each train were considered for statistical analysis. aEPSCs were detected using an amplitude criterion set at 7.5 pA (three times the basal noise level; SD, 2-3 pA; leading to Ͻ1.5% false positive events). Events with a rise time (20 -80%) and a decay time (fitted with a single-exponential) between 0.2-2 ms and 1-20 ms, respectively, were kept for further analysis. The peak amplitude of the individual aEPSC was calculated on a 0.4 ms window centered on the maximum of the peak amplitude. Individual events were baseline subtracted using a 2 ms window before the onset of the aEPSC.
For multiple probability peak fluctuation analysis (MPFA), mf-CA3 EPSCs were recorded in solutions containing either 2 or 8 mM Ca 2ϩ concentrations and evoked at various frequencies (0.1, 1, and 3 Hz) to yield a wide range of release probabilities. For each condition, a single mf was stimulated 60 times and the amplitude of the last 50 mf-CA3 EPSCs were measured (Fig. 1d ) in a 0.4 ms window around the maximum of the peak of the EPSC. The time stability of the last 50 CA3 EPSCs was assessed using Spearman rank order correlation analysis (in Igor pro running under NeuroMatic, http://www.neuromatic. thinkrandom.com/) for each condition (Silver, 2003) . The baseline noise variance, determined from a 0.4 ms window before the stimulation artifact, was subtracted from the synaptic variance and the synaptic variance was then plotted against the mean at each release probability condition. MPFA was performed using a multinomial quantal model (Silver et al., 1998; Silver, 2003) . The mean amplitude of the synaptic response is I ϭ npq, where I is the mean current, n the number of functional release site, p the probability of release, and q the quantal size. The variance ( 2 ) can be expressed as a function of I using the following relationship:
2 ) ϩ qICV qI 2 , where CV qII and CV qI are type II (intersite) and type I (intrasite) quantal coefficients of variation (CV), respectively. The variance-mean relationship plotted over a range of release probabilities is approximately parabolic. The equation for the parabola is as follows: y ϭ Ax Ϫ Bx 2 where y is the variance and x the mean amplitude of mf-CA3 EPSCs. The total quantal variability is (CV q 2 ϭ CV qI 2 ϩ CV qII 2 ). However, it is not practical to determine the intrasite quantal variability at the mf-CA3 synapse because individual sites cannot be stimulated in isolation. We thus measured CV q 2 by determining the CV 2 of aEPSCs elicited in Sr 2ϩ (Foster and Regehr, 2004 ) (GluK2 ϩ/ϩ : P6 -P7: 1.09; P8 -P9: 0.84, P14 -P16: 0.69, P19 -P21: 0.61; GluK2 Ϫ/Ϫ : P8 -P9: 0.65, P19 -P21: 0.87). We assumed that CV qI 2 ϭ CV qII 2 , which is likely to introduce relatively little error (Clements, 2003; Silver, 2003) . We also assumed that each active zone contained a fixed number of vesicles that can be released by a presynaptic action potential with a uniform probability of release p. Vesicles at a given active zone were considered to release transmitter onto a common pool of postsynaptic receptors. n denotes the number of independent "release sites" at which quantal release events can take place.
All drugs were obtained from Tocris Cookson, Sigma, or Ascent Scientific.
Generation of lentiviral vectors. The myristoylated-palmitoylated YFPexpressing lentiviral vector (mYFP) is based on the FUW plasmid (generously provided by C. Lois, California Institute of Technology, Pasadena, CA). FUW vector carries a CMV enhancer, a substituted 5Ј LTR for viral RNA expression, an ubiquitin promoter, a polylinker, and the woodchuck hepatitis virus posttranscriptional regulatory element (WRE) followed by a self-inactivating 3Ј LTR. The membrane-bound YFP is based on the plasmid MyrPalm-mYFP in pcDNA3, originally from Dr. R.Y. Tsien's laboratory, and was a gift from Dr. Helge Ewers (Institute of Biochemistry, ETH Zurich, Zurich, Switzerland). It contains three amino acid substitution/insertions (19K, E209D, L240K) and two silent mutations compared with the published sequence. The BamHI-EcoRI-digested MyrPalm-mYFP fragment carrying the entire coding sequence was subcloned into the vector pGEM-7zf(ϩ) (Promega) at identical positions. The resulting clone was digested by BamHI and EcoRI, ligated into identical positions of the polylinker of FUW, and transformed into Stbl3 chemically competent E. coli bacteria (Invitrogen). Sequence integrity was verified by restriction enzyme cleavages and partial DNA sequencing.
Viral gene transfer and stereotaxic delivery. Mouse pups (P1-P2) were anesthetized by isoflurane inhalation. The virus solution was injected with a brief pulse of air delivered by a picospritzer (Intracell) . Approximately 100 nl of virus solution was distributed in the CA3 layer (Y: ϩ0.3 mm from lambda; X: Ϯ2.3 mm; Z: Ϫ1.5 mm) or in the dentate gyrus (Y: ϩ0.7 mm from lambda; X: Ϯ1.3 mm; Z: Ϫ1 mm) to label CA3 pyramidal cells and granule cells respectively using a binocular microscope (Nikon SMZ800; zoom used: 45ϫ) equipped with a scaled crosshair reticle. After surgery, animals recovered within minutes and were returned to their mother. The injection capillaries were pulled on a puller (model P-97, Sutter Instruments) using micropipettes (5 l, ringcaps). The specific settings resulted in elongated tips that were trimmed to obtain a sharply edged tip with a diameter of ϳ30 m.
After in vivo protein expression for a minimum of 4 d, mice were deeply anesthetized using 0.7% chlorohydrate and perfused transcardially with 0.9% NaCl for 1 min followed by 4% formaldehyde in 0.1 mM PBS for 10 min. Brains were removed, postfixed in the same fixative for 4 h at 4°C, and conserved at 4°C in PBS azide (0.05%). Coronal sections of the hippocampus (60 m) were cut on a vibratome (Leica VT1000S) and examined with confocal microscopy.
Confocal laser-scanning fluorescence microscopy and image analysis. Confocal image stacks of PFA-fixed brain slices were acquired with a Leica TCS SP2 laser-scanning microscope with 488 nm (YFP) excitation wavelength using 63ϫ Leica oil objectives or a confocal spinning-disk (Leica DMI6000) equipped with a confocal Scanner Unit CSU-X1 (Yokogawa), an Evolve EMCCD camera (Roper Scientific), and a galvanometric stage (Leica Microsystems), using the objective HCX PL Apo CS 63ϫoil NA 1.4 and the 491 nm diode laser. High-resolution 3D stacks were generated using Imaris 7.1.1 software (Bitplane) to characterize and analyze presynaptic terminals and thorny excrescences. The analysis of filopodia was made using ImageJ software on 2D image projections of 3D acquired confocal stacks. Illustrations correspond to 3D reconstructions smoothened by the median filter.
Immunohistochemistry. Pups and young mice were killed by cervical dislocation. Brains were quickly removed, snap frozen in liquid nitrogen, and stored at Ϫ80°C before sectioning. Coronal sections (14 m) of hippocampus were permeabilized with Clark liquid (1 volume acetic acid/6 volume ethanol) for 15 min. Nonspecific binding was blocked with PBS containing 3% BSA. Synaptic structures were labeled with mouse anti-SAP102 and rabbit anti-Munc13.1 (1:500, Synaptic Systems) or anti-GluA1 (1:500, Abcam) on coated slides followed by overnight incubation with Alexa 488-conjugated goat anti-rabbit antibody and Alexa 568-conjugated goat anti-mouse antibody (2 mg/ml, Invitrogen).
Immunostainings were visualized with a confocal spinning disk microscope equipped with a 100ϫ oil/1.4 NA objective and appropriate diode lasers. Images of the mossy fiber termination zone in the CA3b region of hippocampus were captured with an interval of 0.2 m in the z-axis. Camera aperture, magnification, light power, and exposure time were fixed for all images. Ten stacks from a minimum of five animals of each genotype and age were acquired randomly. Images were later processed as described below. To ϩ/ϩ and GluK2 Ϫ/Ϫ mice. Graph illustrating the time course of frequency facilitation when shifting the stimulation frequency from 0.1 to 1 Hz. Each dot represents the amplitude of a single EPSC (white dots: 0.1 Hz, black dots: 1 Hz). This example has been recorded in a GluK2 ϩ/ϩ mouse at P19. Summary graph of the mean frequency facilitation ratio from 0.1 to 1 Hz for GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice. Mann-Whitney test: *p Ͻ 0.05; ***p Ͻ 0.001.
compute the density of colocalization between presynaptic elements (Munc13.1) and postsynaptic clusters (SAP102), analysis was performed using the "Colocalization" module of Imaris 7.1.1 software. Two stacks, one for each type of staining, were analyzed, allowing 3D identification of synaptic structures as individual objects, which were then automatically counted and characterized. These objects are used to determine the number of postsynaptic clusters that are colocalized to a presynapse per m 3 . To count the number of GluA1 clusters per surface area in the CA3b stratum lucidum region and to measure their integrated intensity, images were treated by a segmentation program allowing clusters to be detected as single objects, which were then automatically counted. An intensity threshold was applied to define the stratum lucidum region contour (excluding cell bodies) and calculate its area. For each cluster detected as an object, a region mask was created and transferred onto the original image to measure the integrated intensity after background correction.
Statistical analysis. Values are presented as mean Ϯ SEM of n experiments unless otherwise stated. For statistical analysis, nonparametric tests were used. Mann-Whitney test was used for comparison of two groups and Kruskal-Wallis test followed by a Dunn's multiplecomparison test for comparison between more than two groups. Statistical differences were considered as significant when p Ͻ 0.05.
Results

Functional maturation of mf-CA3 synapses is delayed in GluK2
؊/؊ mice We investigated the time course of maturation of mf-CA3 synaptic transmission at different stages of postnatal development in GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice between P6 and P21. For this purpose, we recorded EPSCs evoked in CA3 pyramidal cells by stimulation of mfs (mf-CA3 EPSCs) in hippocampal slices (Fig. 1a) . Consistent with previous observations (Marchal and Mulle, 2004; , the average amplitude of mf-CA3 EPSCs recorded at low stimulation rate (0.1 Hz) abruptly increased between P6 (P6 -P7) and P9 (P8 -P9) (P6: 21 Ϯ 4 pA, n ϭ 28, P9: 51 Ϯ 6 pA, n ϭ 46; p Ͻ 0.01) (Fig. 1b) . This abrupt change in mf-CA3 EPSCs amplitude was delayed in GluK2 Ϫ/Ϫ mice (P9: 13 Ϯ 2 pA, n ϭ 35, p Ͻ 0.0001) (Fig. 1b) pointing to an impairment in the course of functional maturation of synaptic properties in these mice.
We attempted to describe which synaptic parameters account for the sharp developmental increase of mf-CA3 EPSCs amplitude in control mice, hence providing an explanation for the differences observed in GluK2 Ϫ/Ϫ mice. The developmental increase of mf-CA3 EPSCs amplitude was paralleled by a decrease in the rate of synaptic failures in control mice (P6: 61 Ϯ 4%, n ϭ 28 and P9: 43 Ϯ 3%, n ϭ 46) (Fig. 1c) . The increase of mf-CA3 EPSCs amplitude and the reduction in failure rate between P6 and P9 in control mice may be attributed to an increase in release probability. However, the extent of mf-CA3 EPSC facilitation observed when switching the rate of stimulation from 0.1 to 1 Hz ("low-frequency facilitation," LFF) (Fig. 1d) did not change significantly between P6 and P9, arguing against a major change in release probability (Fig. 1d) . In addition, no significant difference in LFF was observed between the two genotypes at P6 (GluK2 ϩ/ϩ : 2.1 Ϯ 0.3, n ϭ 11; GluK2 Ϫ/Ϫ : 2.0 Ϯ 1.0, n ϭ 4) and P9 (GluK2 ϩ/ϩ : 3.0 Ϯ 0.3, n ϭ 32; GluK2 Ϫ/Ϫ : 2.9 Ϯ 0.3, n ϭ 27) (Fig. 1d) . The extent of LFF was, however, significantly lower in GluK2 Ϫ/Ϫ mice as compared with GluK2 ϩ/ϩ at P14 -P16 (GluK2 ϩ/ϩ : 8.1 Ϯ 0.7, n ϭ 16 and GluK2 Ϫ/Ϫ : 5.9 Ϯ 0.3, n ϭ 12, p Ͻ 0.05) and P19 -P21 (GluK2 ϩ/ϩ : 7.8 Ϯ 0.7, n ϭ 12 and GluK2 Ϫ/Ϫ : 5.5 Ϯ 0.5, n ϭ 9, p Ͻ 0.05). At these stages, decreased LFF is likely caused by the absence of facilitatory presynaptic KARs containing GluK2 subunits (Contractor et al., 2001; Pinheiro et al., 2007) .
The analysis of failure rates and LFF led to apparent contradictions regarding the basis for the abrupt increase in synaptic strength between P6 and P9, and the cause of the delayed maturation of mf-CA3 synaptic transmission in GluK2 Ϫ/Ϫ mice. However, failure rates may also depend on the number of release sites (i.e., the larger number of release sites, the lower the failure rates), on failures of action potential propa- gation between granule cell soma and presynaptic terminals, or on the presence of postsynaptically silent sites (devoid of AMPA receptors, AMPARs).
We used multiple-probability fluctuation analysis (MPFA) to estimate the quantal parameters that describe synaptic efficacy (Silver et al., 1998) : the number of release sites (n), the mean probability of release (p), and the amplitude of the response to a single vesicle release (quantum, q). Mf-CA3 synaptic transmission was investigated over a wide range of experimentally imposed release probabilities by increasing stimulation rate (from 0.1 to 3 Hz) (Fig. 2a) and modifying the extracellular Ca 2ϩ concentration. In 8 mM Ca 2ϩ , mf-CA3 EPSCs at 0.1 Hz were potentiated by 319 Ϯ 42% at P6, 373 Ϯ 68% at P9, 344 Ϯ 69% at P14 -P16 and 868 Ϯ 311% at P19 -P21 (data not shown). The mean variance of the EPSCs was plotted against the mean EPSC amplitude and the resulting variance-mean relationship was fitted with a parabola (Fig. 2b) . In control mice, the estimated n increased progressively and significantly between P6 and P21 (P6: 7.9 Ϯ 1.9, n ϭ 6; P9: 11.0 Ϯ 1.2, n ϭ 17; P14 -P16: 15.5 Ϯ 2.4, n ϭ 12: P19 -P21: 31.3 Ϯ 5.6, n ϭ 10) (Fig. 2c) , while the estimated p significantly dropped between P9 and P21 (P6: 0.09 Ϯ 0.01, n ϭ 6; P9: 0.16 Ϯ 0.02, n ϭ 17; P14 -P16: 0.07 Ϯ 0.01, n ϭ 12: P19 -P21: 0.04 Ϯ 0.007, n ϭ 10) (Fig. 2d) . The estimated q increased sharply between P6 and P9 and remained almost stable afterward (P6: 27 Ϯ 3 pA, n ϭ 6; P9: 49 Ϯ 6 pA, n ϭ 17; P14 -P16: 58 Ϯ 3 pA, n ϭ 12; P19 -P21: 49 Ϯ 7 pA, n ϭ 10) (Fig. 2e) . As an additional estimation of the quantal amplitude, we measured the amplitude of aEPSCs (Fig. 2f) , assumed to correspond to the quantal release of neurotransmitter (Bekkers and Clements, 1999) . For each age group in control mice, the quantal amplitude estimated by MPFA and by aEPSC amplitude was in the same range; thus, the average amplitude of aEPSCs increased sharply between P6 and P9 (P6: 29 Ϯ 1 pA, 6 cells, n ϭ 1496 events; P9: 47 Ϯ 1 pA, 12 cells, n ϭ 4704 events; P14 -P16: 58 Ϯ 1 pA, 14 cells, n ϭ 6155 events; P19 -P21: 49 Ϯ 1 pA, 14 cells, n ϭ 7775 events) (Fig. 2f) .
We then analyzed these quantal parameters in GluK2 Ϫ/Ϫ mice at P9, the time point where the major difference in mf-CA3 EPSCs amplitude was observed. No significant difference in p was observed between GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice (Fig. 3a) . On the contrary, the mean estimated n was smaller in GluK2 Ϫ/Ϫ mice as compared with GluK2 ϩ/ϩ , probably because of a low proportion of synapses with an estimated n larger than 7 (GluK2 Ϫ/Ϫ : 6.9 Ϯ 1.6, n ϭ 9; p Ͻ 0.05) (Fig. 3b, c) . Strikingly, q measured by MPFA at P9 (GluK2 Ϫ/Ϫ : 29 Ϯ 5 pA, n ϭ 9; p Ͻ 0.0001) (Fig. 3d) and the mean aEPSC amplitude (GluK2 Ϫ/Ϫ : 38 Ϯ 1 pA, 16 cells, n ϭ 4796 events; p Ͻ 0.0001) (Fig. 3e) were significantly smaller in GluK2 Ϫ/Ϫ compared with GluK2 ϩ/ϩ . Atalatermaturationstage(P21)whenbasalsynaptictransmission is normalized in GluK2 Ϫ/Ϫ mice, neither quantal parameters appeared significantly different between genotypes (Fig. 3a-e) .
To get further insight into the parameters explaining the delayed functional maturation of mf-CA3 synapses in
GluK2
Ϫ/Ϫ mice, we performed immunohistological experiments on fixed brain slices with the postsynaptic marker SAP102 and the presynaptic marker Munc13-1. We quantified colocalized Munc13.1 and SAP102 clusters per m 3 in the stratum lucidum, which likely represent multiple neighboring synaptic sites. A change in the number (and/or volume) of colocalized Munc/SAP 102 clusters is likely to reflect a change in the number of synaptic sites (Fig. 4a) . The number of colocalized Munc13.1/ SAP102 clusters per m 3 was decreased in GluK2 Ϫ/Ϫ as compared with GluK2 ϩ/ϩ mice at P6, P9, and P14 (P6, GluK2 ϩ/ϩ : 0.04 Ϯ 0.01, n ϭ 12 mice and GluK2 Ϫ/Ϫ : 0.01 Ϯ 0.01, n ϭ 8 mice; P9, GluK2 ϩ/ϩ : 0.04 Ϯ 0.01, n ϭ 14 mice and GluK2 Ϫ/Ϫ : 0.01 Ϯ 0.01, n ϭ 16 mice; P14, GluK2 ϩ/ϩ : 0.07 Ϯ 0.01, n ϭ 10 mice and GluK2 Ϫ/Ϫ : 0.04 Ϯ 0.01, n ϭ 14 mice; P21, GluK2 ϩ/ϩ : 0.04 Ϯ 0.01, n ϭ 11 mice and GluK2 Ϫ/Ϫ : 0.05 Ϯ 0.01, n ϭ 11 mice) (Fig.  4b) . In addition, the density of immunolabeled clusters of GluA1, a subunit of AMPARs, as well as the integrated intensity of GluA1 immunofluorescence were significantly decreased in GluK2 Ϫ/Ϫ mice at P9 (density: GluK2 ϩ/ϩ : 0.44 Ϯ 0.03, n ϭ 6 and GluK2 Ϫ/Ϫ : 0.31 Ϯ 0.01 n ϭ 7, p Ͻ 0.01; integrated intensity: GluK2 ϩ/ϩ : 331 Ϯ 12, n ϭ 6 and GluK2 Ϫ/Ϫ : 233 Ϯ 22, n ϭ 7, p Ͻ 0.01) (Fig. 4c-e) consistent with a decrease in q. Altogether, the delay in functional synaptic maturation in GluK2 Ϫ/Ϫ mice between P6 and P9 is best explained by a reduction of q and of the number of active synaptic sites per mf-CA3 synapse.
We investigated the relationships between the AMPA and NMDA components, in particular at P9, the stage of major differences between GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice. The amplitude of NMDA-EPSCs at 0.1 Hz did not change significantly between P9 Ϫ/Ϫ mice at P8 -P9 is due to a decrease in n and q. a, Summary graph of the estimated probability of release at 0.1 Hz in GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice at P8 -P9 and P19 -P21. b, Summary graph of the estimated number of release sites in GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice at P8 -P9 and P19 -P21 (left). c, Frequency distribution (%) of the estimated number of release sites in GluK2 ϩ/ϩ at P6 -P7 and P8 -P9 and in GluK2 Ϫ/Ϫ mice at P8 -P9. d, Summary graph of the estimated quantal amplitude between in GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice at P8 -P9 and P19 -P21. e, Representative recordings of mf-CA3 EPSCs in response to a train of 5 mf stimuli (50 Hz) in an extracellular medium where Ca 2ϩ has been replaced by 4 mM Sr 2ϩ in GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice at P8 -P9. Asterisks display asynchronous EPSCs. Summary graph of the aEPSC amplitude in GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice at P8 -P9 and P19 -P21. Mann-Whitney test: *p Ͻ 0.05, ***p Ͻ 0.001.
and P21 in GluK2
ϩ/ϩ mice (P9: 20 Ϯ 4 pA, n ϭ 16 and P21: 33 Ϯ 5 pA, n ϭ 15) (Fig. 5a,b) . Consistent with the stable mf-CA3 EPSCs amplitude between P9 and P21, the NMDA/AMPA ratio did not change significantly (Fig. 5c) . Additionally, we noticed that NMDAEPSCs progressively displayed faster decay kinetics (Fig. 5d) and lower sensitivity to Ro25-6981 (10 M) during the course of maturation (% of inhibition: P9: 50 Ϯ 6%, n ϭ 10, P14: 25 Ϯ 7%, n ϭ 11, and P21: Ϫ 3 Ϯ 10%, n ϭ 11; data not shown), indicating a progressive removal of GluN2B subunit from NMDARs as described at other synapses. Contrary to AMPA-EPSCs, the amplitude of NMDA-EPSCs was not significantly different in GluK2 Ϫ/Ϫ mice as compared with GluK2 ϩ/ϩ mice at P9 (Fig. 5b) . Consequently, the NMDA/AMPA ratio at P9 was larger in GluK2 Ϫ/Ϫ mice than in GluK2 ϩ/ϩ mice (GluK2
: 0.4 Ϯ 0.1, n ϭ 12; p Ͻ 0.05) (Fig. 5c ) and similar to the ratio in P6 GluK2 ϩ/ϩ mice (1.4 Ϯ 0.3, n ϭ 17, data not shown), arguing again in favor of a delayed synapse maturation in GluK2 Ϫ/Ϫ mice. At P21, neither NMDA-EPSCs amplitude and decay kinetics, nor the NMDA/ AMPA ratio were different between both genotypes (Fig. 5a-d) .
Thus the GluK2
Ϫ/Ϫ mutation selectively impacts the time course of development of the AMPA component, rather than the NMDA component of mf-CA3 synapses.
Correlated functional and morphological maturation is impaired in GluK2
؊/؊ mice We then took a morphometric approach to examine the coordinated functional and morphological changes of presynaptic and postsynaptic elements during the course of maturation in GluK2 ϩ/ϩ and in GluK2 Ϫ/Ϫ mice. We first investigated the maturation of thorny excrescences (TEs), the postsynaptic elements of mf-CA3 synapses, by confocal microscopy of YFP-expressing CA3 pyramidal cells (Fig. 6a,b) , followed by 3D reconstruction (Fig. 6c) . In GluK2 ϩ/ϩ mice, the volume of TEs was small at P6 and P9, but significantly increased between P9 and P14 (P6: 2.8 Ϯ 0.8 m 3 , n ϭ 16; P9: 1.4 Ϯ 0.4 m 3 , n ϭ 19; P14: 11.3 Ϯ 1.1 m 3 , n ϭ 85; P21: 14.8 Ϯ 2.2 m 3 , n ϭ 107; p Ͻ 0.001) (Fig. 6d,e ). This contrasts with the abrupt increase in the strength of synaptic transmission observed earlier during development, between P6 and P9. The same analysis performed in GluK2 Ϫ/Ϫ mice revealed a marked delay in the appearance of TEs in CA3 pyramidal cells, with no identified TEs at P6 and only 29% of the cells (2 cells out of 7) displaying TEs at P9 (as compared with 50% in GluK2 ϩ/ϩ mice) (Fig. 6d) . Furthermore, the volume of TEs in GluK2 Ϫ/Ϫ at P14 was smaller as compared with GluK2 ϩ/ϩ mice (GluK2 Ϫ/Ϫ : 3.4 Ϯ 0.5 m 3 , n ϭ 19, p Ͻ 0.01) (Fig. 6e,f ) . These observations indicate a progressive maturation of the number and volume of the postsynaptic elements, in a manner that does not directly relate to the amplitude of mf-CA3 EPSCs. In addition to the delay in functional maturation, GluK2 Ϫ/Ϫ mice displayed a marked delay in the appearance and maturation of the postsynaptic elements of mf-CA3 synapses.
Presynaptic boutons of mf-CA3 terminals develop after birth, with the first mf-CA3 synaptic contacts being visible by electron microscopy at P0 -P3 (Amaral and Dent, 1981) . We quantified the morphological characteristics of presynaptic terminals during the course of maturation using the same lentiviral injection approach but labeling dentate gyrus granule cells (Fig. 7a) . In GluK2 ϩ/ϩ mice, the presynaptic terminal structure was homogeneous at P6 and became more complex around P9 (Fig. 7b) . Between P9 and P14, the appearance of filopodia on the presynaptic boutons caused a dramatic complexification of the structure (Fig. 7b) (see quantification below) . The volume of presynaptic boutons was small at P6 and P9 (P6: 3.3 Ϯ 0.4 m 3 , n ϭ 8 mice; P9: 5.2 Ϯ 1.1 m 3 , n ϭ 11 mice), but abruptly increased between P9 and P14 (P14: 28.9 Ϯ 3.0 m 3 , n ϭ 5 mice; p Ͻ 0.01) and remained stable later on (P21: 16.9 Ϯ 2.6 m 3 , n ϭ 8 mice), in accordance with the maturation of TEs (Fig. 7c) . The index of complexity, calculated by dividing bouton volume by its area, rapidly increased between P6 and P14 (P6: 0.06 Ϯ 0.01 m, n ϭ 8 mice, P9: 0.24 Ϯ 0.02 m, n ϭ 11 mice, P14: 0.42 Ϯ 0.02 m, n ϭ 5 mice, P21: 0.39 Ϯ 0.01 m, n ϭ 5 mice) (Fig.  7d) . In GluK2 Ϫ/Ϫ mice, a parallel developmental profile was found for both parameters although it was markedly delayed. The volume of presynaptic elements were decreased at P9 and P14 in GluK2 Ϫ/Ϫ (P9: GluK2 Ϫ/Ϫ : 1.4 Ϯ 0.1 m 3 , n ϭ 9 mice, p Ͻ 0.001; P14: GluK2 Ϫ/Ϫ : 20.5 Ϯ 2.7 m 3 , n ϭ 8 mice, p Ͻ 0.05) as well as their complexity at P9 (GluK2 Ϫ/Ϫ : 0.05 Ϯ 0.01 m, n ϭ 9 mice, p Ͻ 0.001) (Fig. 7c,d ), suggesting an impaired morphological maturation of the presynaptic compartment which parallel defects observed for the postsynaptic compartment. We also investigated how filopodial extensions develop on mf presynaptic boutons during maturation. Filopodia emerge from mf presynaptic terminals and contact interneurons (Acsády et al., 1998) . In GluK2 ϩ/ϩ mice, filopodial extensions were absent at P6 (GluK2 ϩ/ϩ : n ϭ 18 mice) and the percentage of boutons with filopodia markedly increased from P9 to P21 (P9: 5 Ϯ 1%, n ϭ 16 mice; P14: 27 Ϯ 4%, n ϭ 4 mice; P21: 62 Ϯ 2%, n ϭ 16 mice) (Fig. 7e) . In parallel, the number of filopodia per bouton increased between P9 and P14 (P9: 1 Ϯ 0.2, n ϭ 26 boutons; P14: 3 Ϯ 0.2, n ϭ 34 boutons; P21: 3 Ϯ 0.07, n ϭ 196 boutons) (Fig. 7f) , and their length slightly increased until P21 (P9: 2 Ϯ 0.2 m, n ϭ 42 filopodia; P14: 3 Ϯ 0.2 m, n ϭ 104 filopodia; P21: 3 Ϯ 0.09 m, n ϭ 739 filopodia) (Fig. 7g) . Consistent with a delayed morphological maturation in GluK2 Ϫ/Ϫ mice, the percentage of boutons showing filopodia was decreased as compared with GluK2 ϩ/ϩ mice at P9 (GluK2 Ϫ/Ϫ : 1 Ϯ 0.7%, n ϭ 9 mice, p Ͻ 0.05) (Fig. 7e) , at a time when only a few boutons display filopodia in wild-type mice. The number of boutons with filopodia was not different between the two genotypes at P14 and P21, although a modest increase in the number of filopodia was found in GluK2 Ϫ/Ϫ mice at P14 (3.8 Ϯ 0.1, n ϭ 17 boutons, p Ͻ 0.01) (Fig. 7f) , and these filopodia were shorter (2 Ϯ 0.05 m, n ϭ 485 filopodia, p Ͻ 0.001) (Fig. 7g) .
Discussion
Here, we analyzed in parallel the functional and morphological maturation of Mf-CA3 synapses during postnatal development in control mice and in mice deficient for the KAR subunit gene grik2. We show that the precise timing of functional and structural maturation of hippocampal mf-CA3 synapses is impaired in these mice. This suggests that a transient defect in synaptic transmission during postnatal development may be a critical aspect of neurodevelopmental cognitive disorders in humans with mutations of the grik2 gene.
Quantal analysis at developing hippocampal mossy fiber-CA3 synapses
We have used the MPFA method to estimate the developmental changes in quantal parameters at mf-CA3 synapse. At P21, the estimated quantal amplitude (49 Ϯ 7 pA) differs from previous results obtained at rat mossy fiber synapses (Jonas et al., 1993; Lawrence et al., 2004) . This difference may arise from experimental conditions (species, voltage, temperature), or from the analysis. We found nevertheless that the estimated quantal size is consistent with q measured by the amplitude of asynchronous release events at all ages tested in both genotypes. The average release probability of individual sites is estimated to be Ͻ10%, hence much lower than the estimate for mf-interneurons synapses (range 0.34 -0.51) (Lawrence et al., 2004) . Importantly, our estimate of n with the MPFA method at P21 (range 7-59; 31.3 Ϯ 5.6) is well within the range of the number of release sites measured by ultrastructural serial reconstruction analysis (range 7-45; average 25) (Rollenhagen et al., 2007) . Strikingly, the number of release sites per mf-bouton, estimated by the MPFA method, is relatively stable between P6 and P9 and displays a robust increase between P9 and P21, consistent with changes in the density of synaptic sites estimated by the colocalized presynaptic and postsynaptic markers Munc13-1 and SAP102. This increase in n is in great part counterbalanced by the decrease in the release probability. Between P6 and P9, the abrupt increase of mf-CA3 EPSC amplitude is thus best explained by a change in the quantal size and by an increase in the number of functional synaptic sites. Several parameters may account for the increase in . Most likely, the increase in q between P6 and P9 is linked to a change in the density, clustering, and properties of postsynaptic AMPARs although we cannot rule out an effect of cable filtering due to changes in dendritic properties. PSD-95 expression increases rapidly after the first week of postnatal development in rat (Sans et al., 2000) , and increased expression of PSD-95 has been associated with an increase of AMPA-EPSCs amplitude and more generally to glutamatergic synapse maturation (El-Husseini et al., 2000) . The robust developmental changes of mf-CA3 synapses may rely on the insertion of new AMPARs at preexisting sites and/or on a switch in receptor composition from Ca 2ϩ -permeable to Ca 2ϩ impermeable receptors (Ho et al., 2007) . Synaptic NMDA-EPSCs remained stable at the critical P6-P9 stage. Consequently, the NMDA/AMPA ratio at hippocampal mf-CA3 synapses markedly decreased between P6 and P9, suggesting that the increase in mf-CA3 synaptic transmission is due to an insertion of AMPARs at preexisting sites. This is consistent with an increase in the quantal size and/or with the existence of "silent" synaptic sites, which are unsilenced during maturation. Ϫ/Ϫ mice. a, Schematic representation of the experimental procedure to infect CA3 pyramidal cells in pups (P1-P2). A micropipette is used to inject the mYFP-expressing lentivirus. After minimum 4 d of expression, tissues were prepared for imaging (DG, dentate gyrus). Pictures of a hippocampus labeled with mYFP. b, Projection of 3D-reconstructed confocal image stacks of a CA3 pyramidal cell labeled by lentivirus infection with mYFP at P21 in GluK2 ϩ/ϩ mouse. c, Example images of a z series acquisition of a thorny excrescence and an example of a thorny excrescence reconstructed with surface rendering (below, in white) with Imaris software. d, Examples of cells at P9 in GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice with thorny excrescences indicated by the white arrows. e, Graph of the thorny excrescence volume between P9 and P21 for GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice. f, Reconstructed volumes of thorny excrescences at P14 for GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice. Mann-Whitney test: ***p Ͻ 0.001.
Morphological maturation of hippocampal mossy fiber synapses
Using 3D reconstruction analysis following targeted expression of membrane-bound YFP, we observed major morphometric changes at mf-CA3 synapses within a short period of development, between P9 and P14, reminiscent of electron microscopy data in the rat (Amaral and Dent, 1981) . Up to P9, only very few postsynaptic spines (of small volume) could be observed in CA3 Figure 7 . The maturation of presynaptic boutons is impaired in GluK2 Ϫ/Ϫ mice. a, Schematic representation of the experimental procedure to infect granule cells in pups (P1-P2). A micropipette is used to inject the mYFP-expressing lentivirus (DG, dentate gyrus). Pictures of granule cells and mossy fibers labeled with mYFP in the stratum lucidum. b, Examples of presynaptic terminals reconstructed with surface rendering for GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice between P9 and P21. c, Summary graph of the presynaptic terminal volume between P6 and P21 for GluK2
and GluK2 Ϫ/Ϫ mice. d, Summary graph of the presynaptic terminal complexity between P6 and P21 for GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice. The index of complexity is calculated by dividing the volume by the area. (Number of animals: P6 -P7: GluK2 ϩ/ϩ : n ϭ 8, GluK2 Ϫ/Ϫ : n ϭ 4; P8 -P9: GluK2 ϩ/ϩ : n ϭ 11, GluK2 Ϫ/Ϫ : n ϭ 9; P14 -P16: GluK2 ϩ/ϩ : n ϭ 5, GluK2 Ϫ/Ϫ : n ϭ 8; P19 -P21: GluK2 ϩ/ϩ : n ϭ 6, GluK2 Ϫ/Ϫ : n ϭ 6.) e-g, Summary graphs of the percentage of boutons with filopodia (e), the number of filopodia per bouton (f ), and the filopodial length (g) between P6 and P21 for GluK2 ϩ/ϩ and GluK2 Ϫ/Ϫ mice. Mann-Whitney test: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
pyramidal cells in the stratum lucidum, although we cannot exclude that emergent structures could not be detected with the resolution of confocal microscopy. In contrast, at P14, CA3 pyramidal cells displayed large and complex TEs similar to those reported at mature stages (Qin et al., 2001; Rollenhagen et al., 2007) . Presynaptic terminals increased in volume and became more complex starting at P6 and up to P14, preceding the appearance of TEs. The complexification of presynaptic elements was associated with the appearance of filopodia extensions. Filopodial extensions arising from mf presynaptic terminals and contacting CA3 interneurons (Acsády et al., 1998) , progressively increased in number between P9 and P14. It should be mentioned that only 62% of the boutons contained filopodia at P21, indicating that the developmental maturation of mf boutons may not be complete at this stage, or that some mf-CA3 synapses may lack feedforward connectivity. Interestingly, the short-term temporal dynamics of inhibitory circuit recruitment differs between juvenile (P16 -P20) and young adult rats (Mori et al., 2004; Torborg et al., 2010) . Future studies should extend these analyses to earlier stages of postnatal development at which a massive and sharp increase in the number of filopodia occur. Filopodia on mf boutons appear to be highly plastic processes. Interestingly, onetrial and incremental learning lead to rapid and robust (2.5-fold) increases in the number of filopodia extensions of mf terminals (Ruediger et al., 2011) , likely impacting on the activity of CA3 microcircuits through increased feedforward inhibition (Mori et al., 2004; Torborg et al., 2010) , although this has not yet been demonstrated. In contrast, the rather mild differences in the number of filopodia observed between wild-type and GluK2
Ϫ/Ϫ mice suggest that the major deficits relate to the robust difference in mf-CA3 EPSC amplitude rather than to defective feedforward inhibitory connectivity. Maturation of Mf-CA3 synapses thus appear to proceed in two overlapping steps, a step of functional maturation (insertion of AMPARs) followed by a step of structural modifications (addition of new synaptic sites). Our data provide evidence for a delay between the increased amplitude of mf-CA3 EPSCs, which mainly occurs between P6 and P9, and the major structural changes observed after P9, for both the presynaptic and the postsynaptic elements. These two steps may be causally related as it has been shown at other synapses that postsynaptic NMDAdependent plasticity leads to insertion (or removal) of AMPARs (Collingridge et al., 2004) and concomitant and subsequent structural modifications (Maletic-Savatic et al., 1999) . Accordingly, in CA1 pyramidal cells spines can be generated by local ionophoretic application of glutamate nearby the dendritic shaft (Richards et al., 2005) . Moreover, dendritic spine changes are associated with long-term potentiation in many brain regions (Engert and Bonhoeffer, 1999; Toni et al., 1999) .
Kainate receptors and synaptic maturation
Both presynaptic and postsynaptic KARs contain the GluK2 subunit at mf-CA3 synapses, at least in mature (circa P21) mice Contractor et al., 2001) . A major observation of the study is that the morphofunctional maturation of mf-CA3 synapses is altered in GluK2 Ϫ/Ϫ mice. A marked impairment of synaptic function is most clearly visible at P9 and is transitory. Interestingly, the absence of GluK2 during development markedly affects AMPA-EPSCs but not NMDA-EPSCs. We also found a marked delay in the addition of synaptic sites, as indicated by the MPFA analysis, by the decrease of colocalized SAP102/ Munc13-1 and by the density and intensity of GluA1 puncta. The morphometric analysis of mf-CA3 synapses confirmed the clear delay in the functional maturation of mf-CA3 synapses in the absence of GluK2. The delayed maturation in GluK2 Ϫ/Ϫ mice fits well with the time window of the appearance of synaptic KARs, reinforcing the importance of KARs for the functional maturation of mf-CA3 synapses (Marchal and Mulle, 2004) .
The mechanisms by which KARs can regulate synaptic maturation are not known. The physical presence of GluK2 subunits, independent of their activity, may be sufficient for the proper maturation of the synapse, for instance by interaction with scaffolding proteins such as PSD-95 (Garcia et al., 1998) , or with adhesion molecules such as N-cadherin (Coussen et al., 2002) . Similarly to the role of NMDARs in the development of synaptic circuits (van Zundert et al., 2004) , the influx of Ca 2ϩ through unedited KARs (Seeburg and Hartner, 2003) may also play an important role in the refinement of synaptic transmission. Along these lines, the edition of GluK2-containing KARs was shown to be developmentally regulated (Bernard et al., 1999) . Our study reinforces the role of KARs in the regulation of the activity of neural networks at critical stages of development (Bahn et al., 1994; Lauri et al., , 2006 Sallert et al., 2007; Sallert et al., 2009; Caiati et al., 2010; Juuri et al., 2010; . Whereas GluK1-containing KARs appear to play a role in the regulation of activity of hippocampal networks during early postnatal development (Lauri et al., 2006; Segerstråle et al., 2010) , GluK2-containing KARs may be involved in the localized refinement of synaptic contacts.
Synaptic activation of KARs plays a role in information transfer at mf-CA3 synapses in the adult by controlling synaptic integration and spike transmission efficacy through an indirect G-protein-coupled mechanism at the postsynaptic level (Ruiz et al., 2005) and a direct ionotropic action of GluK2 at both presynaptic and postsynaptic level (Sachidhanandam et al., 2009; Pinheiro et al., 2012) . In addition, GluK2 is necessary for the proper maturation of mf-CA3 synapses between P6 and P9, by plasticity processes reminiscent of those involving NMDARs, i.e., insertion of AMPARs and correlated structural modifications. Hence, there are two separate consequences for the lack of functional GluK2-containing KARs at mf-CA3 synapses, a delay in morphofunctional synaptic maturation and a long-lasting impairment of synaptic integration and spike transfer. Loss-of-function mutations of GluK2 in human (Motazacker et al., 2007) may similarly impact both on the development of proper hippocampal circuits and on their function, leading to cognitive deficits associated with ID.
